Purpose: Epithelial sodium channel (ENaC) plays a critical role in the control of Na + balance and the development and progression of exocrine gland pathologic condition. The aim of the present study was to investigate the presence of ENaC in the rabbit lacrimal gland (LG) and its potential changes during induced autoimmune dacryoadenitis (IAD) and pregnancy. Methods: Total messenger RNA (mRNA) of a, b, and g subunits was extracted from whole LG, acinar cells, and ductal cells by laser capture microdissection (LCM) for real-time reverse-transcriptase polymerase chain reaction. Lacrimal glands were processed for Western blot and immunofluorescence. Results: Messenger RNA for both a and g was expressed in whole LG lysates, whereas b was undetectable. In rabbits with IAD, the levels of mRNA for a and g were 20.9% and 58.9% lower (P,0.05), whereas no significant changes were observed in term-pregnant rabbits (P¼0.152). However, we were unable to detect mRNA of any subunit in LCM specimens of ductal cells because of their low levels. Western blot demonstrated bands for both a (90 kDa) and g (85 kDa) but b was undetectable. In rabbits with IAD, densitometry analysis showed that expression of a decreased 22%, whereas g decreased 26% (P,0.05). In pregnant rabbits, however, a expression was 31% lower, whereas g expression was 34% lower (P,0.05). From immunofluorescence studies, all subunits were present in ductal cells, whereas virtually no immunoreactivity was detected in acini. No noticeable changes of their distribution pattern and intensity were found in rabbits with IAD or during pregnancy. Conclusions: The present study demonstrated the presence of ENaC in the rabbit LG and its alterations in IAD and pregnancy, suggesting that ENaC may contribute to the pathogenesis of altered LG secretion and ocular surface symptoms in these animals.
F luid produced by lacrimal gland (LG) is the major component of tears in the ocular surface. When its quantity and/or quality are altered, dry eye may ensue and manifest as a plethora of symptoms. Dry eye affects millions of people, with the majority being women, especially those after menopause. 1 Although most LG studies have focused on acinar cells, increasing evidence indicated that the LG ducts also play critical roles in lacrimal secretion, 2-6 suggesting a two-stage process of production: (1) secretion of primary fluid in the acini and (2) modification by ductal cells into the final fluid, which eventually exit onto the ocular surface. As other exocrine secretions, LG fluid secretion is an osmotic process mediated by many ion transporters or channels and aquaporins. [2] [3] [4] [5] [7] [8] [9] [10] The epithelial sodium channel (ENaC), composed of a, b, and g subunits, plays a critical role in the control of Na + balance, blood volume and pressure, and viscosity of extracellular fluid. 11 It has been identified in many epithelial tissues, including lung, kidney, colon, and sweat and salivary glands. [12] [13] [14] Epithelial sodium channel activity comprises the rate-limiting step for Na + entry into cells, which is then extruded into the interstitium by Na + K + -ATPase located on the basolateral membranes. 13 Studies in kidney tubules, colon, sweat and salivary glands, respiratory tract, and taste buds indicated that ENaC plays a major role in their physiology and pathophysiologic condition. [15] [16] [17] [18] [19] In salivary glands, an exocrine gland that is anatomically and functionally similar to LG and also involved in Sjögren syndrome, ENaC has been shown to mediate NaCl absorption in salivary gland duct in the production of normal, NaCl-depleted saliva. 16, 20 However, there have never been any investigations regarding the expression of ENaC and its potential contribution to LG secretion and dysfunction. Therefore, in the present study, we investigated the expression of ENaC subunits and their potential alteration in two rabbit models that demonstrated LG pathologic condition and abnormalities of the ocular surface: rabbits with induced autoimmune dacryoadenitis (IAD) and pregnancy. Induced autoimmune dacryoadenitis is an excellent rabbit model of Sjögren syndrome, [21] [22] [23] an autoimmune disease that causes functional deficiency of LG and salivary glands, and has been used extensively to study its pathophysiologic condition. Our previous reports also indicated that pregnant rabbits, as a physiological state than a pathological condition such as IAD, also demonstrated dry eye symptoms and LG pathologic conditions. 24, 25 consisted of three female rabbits with IAD, and the other consisted of three age-and sex-matched normal controls. Three pregnant rabbits were time dated with day zero corresponding to the date of coitus. Because normal gestation in the rabbit is 31 days, termpregnant rabbits were killed on the 29th day of pregnancy.
To generate the IAD model, epithelial cells from 1 LG were first co-cultured with the same rabbit's ex vivo-activated lymphocytes for 2 days and then injected into the same rabbit's remaining LG. The rabbits typically developed IAD within 2 weeks. The detailed procedures have been published previously. [21] [22] [23] The rabbits were narcotized with a mixture of ketamine (40 mg/ mL) and xylazine (10 mg/mL) and given an overdose of Nembutal (80 mg/kg) for euthanasia. One inferior LG was removed and embedded in optimal cutting temperature compound, whereas the other was frozen in liquid nitrogen. Both were stored at 280°C until use. All studies conformed to the standards and procedures for the proper care and use of animals by the U.S. Public Health Service Policy on Humane Care and Use of Laboratory Animals.
Laser Capture Microdissection, RNA Extraction, and Reverse Transcription
Laser capture microdissection (LCM) was used to collect purified acinar cells and epithelial cells from various duct segments, as we described before. 2 However, due to the extremely low level of ENaC subunits, we were unable to detect the presence of their messenger RNA (mRNA). Total cellular RNA was isolated from RNAlater-treated specimens with an RNeasy Midi Kit plus on-column DNAase digestion to reduce the possibility of DNA contamination (Qiagen, Valencia, CA). RNA quality and quantity was evaluated using a Nanodrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). Five micrograms of total RNA specimens were then reverse-transcribed to complimentary DNA (cDNA) only if the 260/280 ratio was above 1.9 (High Capacity cDNA Reverse Transcription Kit containing random primers and MultiScribe Reverse Transcriptase; Applied Biosystems, Foster City, CA) following the manufacturer's instructions.
Real-Time Reverse-Transcriptase Polymerase Chain Reaction Analysis
The sequences of primers and probes of ENaC a, b, and g subunits used in this study are listed in Table 1 . The sequences were designed using Primer Express from Applied Biosystems and synthesized by Applied Biosystems. All probes incorporated the 59 reporter dye 6-carboxyfluorescin (FAM) and the 39 quencher dye 6-carboxytertramethylrhodamine (TAMRA).
For real-time reverse-transcriptase polymerase chain reaction (RT-PCR), amplification was carried out on an ABI PRISM 7900HT Sequence Detection System (Applied Biosystems) using TaqMan Gene Expression Master Mix (Applied Biosystems) containing the internal dye, ROX, as a passive reference. Detailed procedures were described in our previous report. 2 Each specimen was measured in triplicate and the difference between the C T values of each target mRNA and the internal housekeeping gene, GAPDH, was used to calculate the level of target mRNA relative to the level of GAPDH mRNA in the same specimen.
Immunofluorescence and Microscopy
Primary antibodies used were all purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The dilutions of antibodies against ENaC a subunit (goat polyclonal, sc-22239), b subunit (goat polyclonal, sc-22242), and g subunit (goat polyclonal, sc-22245) were 1:10, 1:200, and 1:100, respectively. The secondary antibody used was fluorescein isothiocyanate-conjugated AffiniPure donkey anti-goat IgG (Jackson ImmunoResearch Laboratories, West Grove, PA), at a dilution of 1:200. Rhodamine-conjugated phalloidin (Invitrogen, Carlsbad, CA), at the dilution of 1:200, was also used to stain F-actin to show the morphological profiles of LG.
Slides were observed with a Leica epifluorescence microscope and a Zeiss LSM 710 confocal laser scanning microscope. Fluorescein isothiocyanate-conjugated secondary antibodies were visualized by excitation at 488 nm using an argon laser. Images were analyzed with LSM image browser and Photoshop (Adobe Systems, Mountain View, CA).
Western Blot
Lacrimal glands were homogenized in RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X 100, 1% Na deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 1 mM PMSF, 1 mg/mL aprotinin, and 1 mg/mL leupeptin) and centrifuged at 2,000g for 20 minutes. Supernatant was denatured in SDS-polyacrylamide gel electrophoresis (PAGE) sample buffer for 20 minutes at 60°C, resolved on a 4% to 20% gradient SDS-PAGE gel (Bio-Rad, Hercules, CA), and then transferred onto polyvinylidene fluoride (Millipore Immobilon-P, Billerica, MA). To assess transporter proteins, a constant amount of proteins from each specimen was analyzed. Membrane blots were probed with antibodies against ENaC a subunit at the dilution of 1:250, b at 1:200, and g at 1:250. Blots were incubated with Alexa 680labeled donkey anti-goat secondary antibody (Invitrogen) and detected with an Odyssey Infrared Imaging System (Li-Cor, Lincoln, NE). Densitometry analysis of resulting gel was performed using the manufacturer's software.
Statistics
Data were presented as mean6standard error of the mean. Student t test and analysis of variance were used to evaluate the significance of the differences; P,0.05 was considered significant. 
RESULTS

Expression of mRNA
The expression of mRNA for ENaC subunits was low in LG ( Fig. 1) . In fact, it was so low that we were unable to detect their presence in epithelial specimens obtained from LCM (detection limit was 2 ng/mL).
a: In specimens from whole LG lysates, mRNA for a subunit was 0.0004360.00005 in control animals, whereas its level was 20.9% lower (P,0.05) in rabbits with IAD (0.0003460.00007). The mRNA level was 0.0005760.00007 in pregnant rabbits. Although it was higher than that of normal control animals, no significant difference was detected (P¼0.247).
b: The mRNA level for b subunit was so low that we were unable to detect its expression in specimens from whole LG lysates.
g: For g subunit, its mRNA level was 0.0103760.00184 in control rabbits, and 58.9% lower (P,0.05) in rabbits with IAD (0.0042660.00077). Similar to a subunit, mRNA for g subunit was 0.0127860.00413 in pregnant rabbits, not significantly different than that of normal control animals (P¼0.184).
Western Blot and Densitometry
In addition to RT-PCR studies, Western blot was used to investigate the potential changes of protein expressions. Immunoblots of whole LG homogenates indicated that there were significant changes in the expressions of both a and g subunits during IAD and pregnancy (Fig. 2) . No protein expression was detected for b subunit.
In rabbits with IAD, densitometry analysis showed that expression of a subunit decreased 22% (P,0.05), whereas g subunit expression decreased 26% (P,0.05), consistent with their decreases at mRNA level. In pregnant rabbits, however, a subunit expression was 31% lower and g expression was 34% lower (P,0.05), whereas no significant change of their mRNA was detected when compared with control.
Immunofluorescence
Rhodamine-conjugated phalloidin, which stains F-actin as intense red, was used to outline the morphological profile. In normal control rabbits, the immunoreactivity (IR) of a, b, and g seemed to be in ductal cells only (Figs. 3-5), with virtually no IR detected in acini. The IR for a, b, and g subunits was detected as numerous punctate staining within the cytoplasm than on the membranes. However, the distribution pattern of all three subunits seemed unchanged in rabbits with IAD or pregnancy, that is, IR was found only in ductal cells and their intensities seemed unchanged.
DISCUSSION
ENaC was a newly discovered class of ion channels that is located in the apical membrane of polarized epithelial cells, albeit no report in LG so far, mediating Na + transport across the membranes. 13, [15] [16] [17] [18] 26, 27 In this report, our RT-PCR data revealed the presence of mRNA for ENaC a and g subunits in the rabbit LG. These results provide the first molecular evidence of ENaC subunits in rabbit LG. Immunofluorescence confirmed the presence of proteins of all three subunits in ducts, with most of the IR found within the cytoplasm. No IR was detected in acinar cells. These results seemed to be consistent with reports from salivary glands that showed a, b, and g subunits in the membranes of the smaller striated and interlobular ducts. 16, 20 Western blot demonstrated the presence of a and g subunits in LG. The presence of ENaC mRNA and protein in the LG suggests that ENaC mRNA and protein may play a similar role in salivary gland secretion.
Although our data showed that the mRNA level of g was approximately 25 times that of a (Fig. 1) , a subunit was found to be essential for Na + reabsorption when independently expressed in Xenopus laevis oocyte or rat thyroid cells, neither b nor g subunits form functional Na + channels when expressed alone but coexpression with a greatly enhanced Na + current. 28, 29 In LG from rabbits with IAD, our results demonstrated that the levels of mRNA for both a and g subunits were significantly decreased. Concordantly, Western blot showed significantly lower protein expression of both subunits as well. Rabbits with IAD demonstrated many of the dry eye symptoms and LG pathologic conditions characteristic of Sjögren syndrome and has been used extensively to study the causative factors of this debilitating disease. [21] [22] [23] Decreased expression of these subunits at mRNA and protein levels may result in impaired Na + re-absorption in LG ducts.
FIG. 1.
Real time RT-PCR of ENaC subunits from whole LG lysates. The mRNA level of ENaC subunits were extremely low, and no b subunit was detected. In rabbits with IAD, mRNA levels for both a and g subunits were significantly lower (P,0.05). In pregnant rabbits, although levels of mRNA for both subunits were higher, no significant differences were detected (p¼0.152). Note that in normal control rabbit, the level of g was e25 times that of a. Data are presented as mean6standard error of mean. Samples were obtained from 3 rabbits in each group, and were measured in triplicates for at least 3 times.
In LG from pregnant rabbits, protein expressions of a and g subunits were significantly lower, albeit no difference was detected at mRNA level. These results suggest that the decreased expressions of ENaC may also play a role in the altered LG secretion during pregnancy. Our recent report showed that basal LG secretion from term-pregnant rabbits were lower, whereas pilocarpine-stimulated secretion was dramatically higher. 30 These pregnant rabbits also demonstrated dry eye symptoms. 24, 25, 30 Because dry eye is closely related to changes in sex hormone milieu in the body, 31 substantial changes of the hormone profile during pregnancy may play a role in the occurrence of dry eye. Therefore, pregnancy has been proposed as a physiological model to study LG deficiency and dry eye. Immunofluorescence of a (green). In normal control rabbits, a-IR appeared to be detected in ductal cells only (arrows), with virtually no IR detected in acini. The IR appeared as numerous punctate staining within the cytoplasm without being restricted to any specific membranes. The distribution pattern appeared unchanged in rabbits with IAD and pregnant rabbits, i.e., a-IR was found only in ductal cells (arrows). Panel 4, from a control animal, showed an interlobular duct with numerous staining within the cytoplasm. F-actin had been stained with rhodamine-conjugated phalloidin (red). Scale bar ¼ 50 mm.
Previous reports indicated that abnormality of ENaC activity may lead to numerous pathologic conditions, that is, hypertension. 32 In chronic obstructive sialadenitis, elevated ENaC activity also played a role in the increase of saliva viscosity and Na + concentration. 33 Therefore, the decreased expression of ENaC sub-units in LG of rabbit with IAD and pregnancy suggests reduced Na + reabsorption into the ductal cells, resulting in increased Na + content in the ductal lumen. Epithelial sodium channel may have an important role in the pathogenesis of dry eye, which may be caused by functional abnormalities of LG, that is, progressive FIG. 5. Immunofluorescence of g (green). Consistent to a and b, g-IR was also present only in duct cells as clustered punctate staining with a much stronger intensity than those of a and b (arrows). Like a and b, g-IR also appeared as numerous punctate staining within the cytoplasm without being restricted to any specific membranes. In rabbits with IAD and pregnant rabbits, the distribution pattern of g-IR also appeared to be the same as that of control animals (arrows). Panel 4 (control) demonstrated an intralobular duct with numerous b subunit staining within the cytoplasm. Red: F-actin that had been stained with rhodamine-conjugated phalloidin. Scale bar ¼ 50 mm.
FIG. 4.
Immunofluorescence of b (green). Like a, b-IR was also detected only in ducts as punctate staining (arrows), with virtually no IR detected in acinar cells. b-IR also appeared as numerous punctate staining within the cytoplasm without being restricted to any specific membranes. In rabbits with IAD and pregnant rabbits, the distribution pattern appeared unchanged as compared to that of normal control animals (arrows). Panel 4, also from a control rabbit, demonstrated an intralobular duct with numerous b staining within the cytoplasm. Red: F-actin had been stained with rhodamine-conjugated phalloidin. Scale bar ¼ 50 mm.
Eye & Contact Lens Volume 41, Number 5, September 2015 Lacrimal ENaC in Sjögren's Syndrome and Pregnancy deterioration of its secretory capacity with smaller volumes of tear and increasingly higher Na + concentration. Saliva is secreted by the salivary glands in a two-stage process. Primary saliva are secreted by acini as NaCl-rich isotonic plasmalike fluid and modified by the ductal cells while being transported in the duct system. Because the salivary ductal cells secrete K + and HCO 3 2 , reabsorb Na + and Cl 2 , and are not permeable to H 2 O, the final saliva is hypotonic. 34 However, the LG, although anatomically and functionally similar to salivary gland, has a final secretory product that is isotonic with significantly higher [K + ] and [Cl 2 ] as compared with the primary fluid. [35] [36] [37] It has been shown that the presence of higher [K + ] in the tears is beneficial to ocular surface health, 5 Our previous results indicated that aquaporin 4 (AQP4) and aquaporin 5 (AQP5) were present in ductal cells, 2,25 and cystic fibrosis transmembrane conductance regulator (CFTR) was found predominantly in ducts. 2, 38, 39 Aquaporins are membrane proteins responsible for fast water transport across plasma membranes, whereas CFTR functions as a Cl 2 -selective channel that mediates influx or efflux, depending on the orientation of [Cl 2 ] potential gradient. Findings that ENaC were found in ducts only seemed to suggest that the second scenario may be more likely in the LG. Our recent research showed that CFTR expression was significantly decreased in LG of rabbit with IAD and pregnancy. 38 It is not clear whether CFTR and ENaC function reciprocally in LG ductal cells, although it has been reported that ENaC and CFTR coexist in the same salivary and sweat gland ductal cells with a functional interaction between these two channels, resulting in coupled NaCl uptake. 20, 40, 41 In freshly isolated normal sweat gland ducts, ENaC activity is also dependent on CFTR permeability. 40 However, the decrease of these ENaC and CFTR that allow transepithelial NaCl absorption in LG duct suggest that it may contribute to the higher [Na + ] in the secreted tear, although direct functional studies are needed to provide definitive evidence.
It is worth noting that there were apparent discrepancies between our RT-PCR and Western blot results, a phenomenon seen in our previous reports 2, 25, 38, 39 with other molecules, 42, 43 and many other tissues or organs, with a number of possible explanations proposed, that is, disruption in protein translation and posttranslational modification, necessitating more studies, particularly the functional aspects of these molecules.
In summary, the present data demonstrated the presence of ENaC mRNA and protein expressions in the rabbit LG, suggesting that it may play a role in LG secretion. Its significant change in rabbits with IAD and pregnant rabbits also suggests that it may contribute to the altered LG secretions and ocular surface symptoms seen in these animals. However, mechanisms of how ENaC functions in the LG under physiological and pathological conditions certainly warrant further investigations.
